I. INTRODUCTION
Vector control of a permanent magnet synchronous motor (PMSM) requires information of the rotor position. In sensorless control, the rotor speed and position are estimated without mechanical sensors either by a fundamental-excitation method or a signal injection method.
Fundamental-excitation methods are based on the dynamic model of the motor. The estimation algorithm can be a voltage model or a more complicated observer [1] - [4] . These methods are sensitive to the estimation of machine parameters. Since the back-emf is proportional to the rotor speed, problems are encountered at low speeds due to the limited accuracy of measurements and parameter estimates and due to the presence of inverter nonlinearities.
Signal injection methods are based on detecting the anisotropy caused by the saliency of the rotor or by magnetic saturation. A high-frequency (HF) test signal is superimposed on the stator voltage, and information of the rotor position is obtained from the current response [5] - [7] . If persistent HF excitation is used, the voltage carrier signal either revolves at high angular frequency [6] - [9] or alternates in the estimated rotor reference frame [10] - [14] . The rotor position can be estimated by a synchronous tracking scheme [6] , [8] , [10] - [13] , which means that an error signal is driven to zero by the observer, or the rotor angle (or angle error) can be evaluated directly from the current response [7] , [9] , [14] .
Fundamental-excitation methods have good dynamic properties, but they do not allow sustained operation at low speeds. On the other hand, signal injection methods are well suited to operation at low speeds, including standstill, but tend to have limited dynamic performance. Therefore, a combination of a fundamental-excitation method and an HF signal injection method might be a good solution when a wide speed range, including low-speed operation, is required. An approach for combining the methods was already discussed in [15] . A hybrid scheme combining a fundamental-wave flux observer with an HF signal injection method is proposed for the rotor flux estimation of induction motors in [16] . For PMSM drives, a fundamental-excitation method is used at higher speeds and a signal injection technique (or a combined method) at low speeds in [17] - [19] .
This paper proposes a combined method, in which a modified voltage model is used throughout the whole speed range, and the estimation is augmented at low speeds with an HF signal injection technique. A voltage carrier signal alternating in the estimated rotor reference frame is used, and an error signal is obtained from the current response by a straightforward demodulation scheme. The error signal is driven to zero by a phase-locked loop (PLL) that also includes the output of the modified voltage model. The combination of two methods results in a simple observer having good steadystate accuracy and excellent dynamic properties over a wide speed range.
II. PMSM MODEL
The PMSM model is presented in the d-q reference frame fixed to the rotor. The d axis is oriented along the permanent magnet flux, whose angle in the stator reference frame is θ m in electrical radians. The stator voltage components are
where i d and i q are the stator current components, R s is the stator resistance, and ω m = dθ m /dt the electrical angular speed of the rotor. The stator flux components are
where L d and L q are the d-and q-axis inductances, respectively, and ψ pm is the permanent magnet flux. The electromagnetic torque is given by
where p is the number of pole pairs.
III. OBSERVER STRUCTURE A. Modified Voltage Model
The pure voltage model suffers from drift problems due to the open-loop integration. The integration can be replaced by low-pass filtering and error compensation [20] , [21] .
The modified voltage model in the estimated rotor reference frame is formed from (1) and (2) as
where the estimates of the back-emf components arê
Estimates are marked by the symbolˆ, ψ pm0 is the presumed value of the permanent magnet flux, which can be obtained from an identification run, and α v is a nonnegative gain. 
B. High-Frequency Signal Injection
An alternating voltage is used for HF signal injection [10] - [12] . A carrier excitation signal fluctuating at angular frequency ω c and having amplitudeû c , i.e.,
is superimposed on the d component of the stator voltage in the estimated rotor reference frame. An alternating HF current response is detected in the q direction of the estimated rotor reference frame, amplitude modulated by the rotor position estimation error. The principle of the demodulation scheme is shown in Fig. 1 . The q component of the measured current is band-pass filtered (BPF), giving the current signal i qc varying at the signal injection frequency. The current signal is then demodulated and low-pass filtered (LPF) to extract an error signal
Ideally, this error signal is [10] ε =û
where K ε is the signal injection gain andθ m = θ m −θ m is the estimation error of the rotor position. The demodulation scheme is implemented as follows. Instead of using a band-pass filter, the filtering of i q is achieved by where T c = 2π/ω c , i.e. by zero averaging over one period of the injection signal. The algorithm (9) can be interpreted as a high-pass filter, and its computational cost is lower than that of relevant band-pass filters. The low-pass filtering of the signal i qc sin(ω c t) is implemented using two filters: a moving-average filter and a first-order low-pass filter. The moving-average filter removes the angular frequency ω c and its multiples effectively and causes only a short time delay, while the first-order low-pass filter reduces stochastic noise more effectively than the moving-average filter. Due to the short delay of the moving-average filter, only the dynamics of the first-order low-pass filter are considered in the following. After filtering, the amplitude of ε is limited to avoid errors during transients.
C. Combined Observer
The combination of the modified voltage model and the HF signal injection method is illustrated in Fig. 2 . The rotor speed and position estimates are obtained bŷ
where γ p and γ i are positive gains,ψ pm is estimated using (4a), andê d andê q (5) are evaluated usingω m from (10a). The HF signal injection and a PLL [15] , [11] are used to augment the speed estimate obtained by the modified voltage model. The PI mechanism in (10) drives the error signal ε to zero in steady state. At low speeds, the combined observer relies both on the signal injection method and the voltage model: the signal injection method dominates in steady state whereas the voltage model commands at transients. The PI mechanism used in a PLL can be tuned analytically [11] . The transfer functionθ m (s)/θ m (s), corresponding to the linearized closed-loop system shown in Fig. 3 , can be 
is used when determining the closed-loop transfer function. The influence of the voltage model is omitted, but the low-pass filter used in (7) is taken into account. The transfer function of the first-order low-pass filter having the bandwidth α lp is (12) and the transfer function of the PI mechanism is
For the closed-loop system in Fig. 3 , the transfer function iŝ
Placing all three poles of (14) to the point −α on the real axis yields the selection rule
for the low-pass filter bandwidth and the selection rules
for the gains of the PI mechanism. The proposed design method allows gain selection using only one design parameter α corresponding to the approximate bandwidth of the closedloop system (14) . In order to obtain a smooth transition between the low-speed and high-speed regions, the injection voltage amplitudeû c and
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whereû c0 and α 0 are the values corresponding to zero-speed operation. The parameters α lp and γ i are varied according to (15) , (16) , and (8). The parameter γ p remains constant according to (16) and (8).
IV. CONTROL SYSTEM
The block diagram of the control system comprising cascaded speed and current control loops is shown in Fig. 4 . The current control is implemented as PI-type control in the estimated rotor reference frame, where the cross-coupling terms and the back-emf are decoupled [22] . The current is predicted one sampling period ahead [23] , [24] . The predicted current is used only in the proportional part of the PI controller to avoid steady-state error in the current response caused by parameter errors.
PI-type speed control with active damping is used. [25] . For position control, a P-type controller is added as the outermost control loop in the control system. The dc-link voltage of the converter is measured, and a simple current feedforward dead-time compensation is applied [26] . The proposed observer was investigated by means of simulations and laboratory experiments. The experimental setup is illustrated in Fig. 5 . A 2.2-kW interior PMSM is fed by a frequency converter controlled by a dSPACE DS1103 PPC/DSP board. The motor parameters are given in Table  I and the parameters of the control system in Table II . The dc-link voltage is 540 V. The sampling is synchronized to the modulation, and both the switching frequency and the sampling frequency are 5 kHz. The signal injection frequency is 1 kHz, and the transition speed ω ∆ = 0.13 p.u. The electromagnetic torque is limited to 22 Nm, i.e. T max /T N = 1.57. An incremental encoder is used to monitor the actual rotor speed and position, which is further used to calculate the rotor position estimation error.
The MATLAB/Simulink environment was used for the simulations. The parameters of the motor model used in the simulations correspond to the parameters of the motor used in the experiments. To incorporate the influence of parameter errors, the value of the stator resistance estimate was 20 % smaller than the stator resistance of the motor model. Moreover, white noise having an rms value of 10 mA was added to the measured phase currents of the motor, and the current signals were quantized in steps of 10 mA. Fig. 6 shows simulation and experimental results at no load when the speed reference was changed stepwise from zero to 0.2 p.u. at t = 1 s, then reversed to −0.2 p.u. at t = 2 s, and finally set to zero at t = 3 s. The amplitudeû c0 of the signal injection voltage was 20 V. The estimated rotor speed follows the actual speed smoothly. However, the rotor position estimate is noisy, especially in the experimental results, since the amplitude of the signal injection voltage is rather small in this experiment (3.7 % of the dc-link voltage). Fig. 7 shows results corresponding to Fig. 6 when the amplitudeû c0 of the signal injection voltage was increased to 50 V. The rotor position estimation error is less noisy, indicating a higher signal-to-noise ratio. At zero speed, the measured rms value of the HF current is 250 mA, i.e. 0.06 p.u. In the following examples, the voltage amplitudeû c0 = 50 V is used (although the valueû c0 = 20 V also results in stable operation). In Figs. 6(b) and 7(b), a periodic variation can be seen in the rotor position estimation error between t = 1 s and t = 3 s. The variation is caused by a small eccentricity of the incremental encoder assembly. then reversed at t = 2 s, and removed at t = 3 s. The error of the rotor position estimate is small even during transients, indicating good dynamic performance. Furthermore, it can be seen that the experimental results correspond well to the simulation results.
Simulation and experimental results at the nominal load torque are shown in Fig. 9 . The speed reference was first changed stepwise from zero to 0.66 p.u. at t = 1 s, then reversed to −0.66 p.u. at t = 2 s, and finally set to zero at t = 3 s. The estimated rotor speed follows the actual speed smoothly even during the transitions between the voltage model and the combination of the voltage model and HF signal injection. ence was changed stepwise from zero to one revolution (6π electrical radians) at t = 1 s, then two revolutions backwards at t = 2 s, and finally set to zero at t = 3 s. The position estimate follows the actual value smoothly, and the position settles quickly to its reference value.
VI. CONCLUSIONS
The rotor speed and position of a permanent magnet synchronous motor can be estimated in a wide speed range, including zero speed, by means of a modified voltage model that is augmented with a high-frequency signal injection technique at low speeds. The fast dynamic response of the voltage model is combined with the steady-state accuracy of the high-frequency signal-injection method. The signal injection scheme is based on a voltage carrier signal alternating in the estimated rotor reference frame and simple demodulation of the current response. Guidelines for the gain selection of the tracking observer are obtained analytically. According to the simulations and experiments presented in the paper, the system based on the combined observer is stable and robust, and can cope with stepwise changes in the speed or position reference and with nominal load torque steps. 
